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FOREWORD 


This  report  is  one  of  a collection  of  three  technical  reports 
written  under  Work  Onlt  20030628,  "Liquid  Crystal  Display  Keasurements.” 
The  topics  covered  in  these  reports  were  chosen  to  either  support  this 
work  unit  directly  or  to  help  provide  needed  Infomation  for  Wbrk  Unit 
20030626,  "The  Integrated  HUD."  Thli  work  was  accomplished  during  this 
period  of  1 January  1977  to  30  September  1978. 

The  first  report,  "Measurement  of  Reflectance  on  Reflective-Type 
Displays,"  deals  with  the  specification  uf  reflectance  In  a two  component 
sense.  That  Is,  reflectance  Is  specified  by  both  a diffuse  component  and 
a specular  component.  This  formulat:i.on  seems  especially  useful  for 
specifying  the  reflectance  of  liquid  crystal  displays.  However;  the 
method  Is  not  limited  to  displays  alone,  but  applies  to  any  type  of 
reflecting  surface.  For  example,  the  reflectaice  of  various  aircraft 
coatings  could  be  Investigated  using  this  method.  The  determination  of 
the  reflectance  of  these  coatings  Is  Important  and  work  has  been  done  in 
this  area,  using  methods  other  than  the  one  of  this  report,  by  the  Air 
Force  Materials  Laboratory.  It  Is  felt  that  specifying  reflectance  by 
this  method  may  have  advantages  over  other  methods  In  current  use.  A 
simplified  example  using  reflectance  functions  to  calculate  luminance 
and  contrast  ratio  of  an  optical  system  «diich  uses  a liquid  crystal 
display  Is  Included  In  the  Appendix  of  the  reiort. 

The  second  report,  "Can  MTF  Analysis  Be  TTsed  On  Matrix  Displays?," 
investigates  the  use  of  modulation  transfer  function  (MTF)  In  the  eva- 
luation of  matrix  displays.  This  report  concludes  that  MTF  analysis  of 
matrix  displays  can  be  useful.  An  analytical  estimate  of  the  MTF  of  a 
hypothetical  1000  X 1000  alauent  liquid  crystal  display  is  Included  In 
the  report. 

The  third  and  final  report  of  the  seriea  ia  titled  "The  Effects  of 
HDD  Glow  On  Visual  Performanca."  Thia  report  deals  with  the  effects  of 
residual  glow  in  haad-up  displays,  and  tha  effaces  of  tUs  glow  on  human 
visual  parformanea.  By  using  tha  contrast  threshold  work  of  Blackwell, 
it  Is  shown  that  even  small  asvuntf.  of  glow  can  have  detrimental  effects 
on  operator  performanca.  Tha  amount  of  detriment  ia  a function  of  the 
level  of  glow,  the  operator's  state  of  lumlnsnce  adaptation,  and  the 
perceived  contrast  ratio  between  target  luminance  and  surround  luminance. 

The  author  thanks  all  thoae  in/olvad  In  helping  him  prepare  these 
reports.  I especially  want  to  thank  John  Coonrod  for  his  support  and 
review  of  drafts. 


ill 


TABLE  OP  CONTENTS 


■ SECTION  pace 

X INTRODOCTION  1 

II  WHAT  IS  MIF  1 

. Ill  APPLTINC  MIF  TO  MATRIX  DISPLAYS  6 

IV  ESTIMATING  THE  MIF  OF  THE  HUGHES 'LIQUID-CRYSTAL  ‘ 8 

DISPLAY 

V C<»CLUSION  18 

REFERENCES  23 


i 


i 

i 


V 


FIGURE 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 


TABLE 


LIST  IF  ILLUSTRATIONS 

« 

FACE  OF  CRT  INDICATING  DIRECTION  OF  MEASUREMENTS 
SINENAVE  ADDED  TO  VIDEO  INPUT 
PHOTOMETRIC  M 'ASUREMENTS  FOR  FINDING  THE  MTF 
TYPICAL  MTF  CJRVE 

SYSTEM-BLOCK  DIAGRAM  OF  THE  HUGHES  LIQUID  CRYSTAL 
DISPLAY 

ILLUSTRATION  OF  IDEAL  SAMPLING 

PHOTOMETRIC  RESPONSE  SIGNAL  AND  ITS  EQUIVALENT 
GENERATED  BY  A SAMPLE  ^ND  BOLD 

SINEWAVE  PATTERNS  USED  TO  ANALYZE  THE  HUGHES' 
DISPLAY 

BORIZONTA].  MTF  OF  A MATRIX  DISPLAY 
RESPONSE  OF  SYSTEM  TO  AN  IMPULSE  INPUT 
SINGLE  SAMPLED  VALUE  INPUT  AND  RESULTING  OUTPUT 
POLE-ZERO  PLOT  IN  B PLANE  OF  0.9  (Z  -f  0.1)/Z 
SYSTEM  RESFOl  SE 

ESTIMATED  MT  ' OF  HYPOTPETICA].  1000  X 1000  ELEMENT 
HUGHES'  LIQUID  CRYSTAL  DISPLAY  IN  HOKIZCNITAL  AND 
VERTICAL  DIRECTIONS 

LIST  OF  TABLES 


PERTINENT  VALUES  TAKEN  FROM  POLE-ZERO  PLOT  OF 
0.9  (Z  + t.l)/Z 


vl 


PAGE 

2 

3 

4 

5 
9 

9 

10 

11 

13 

14 
16 
17 
20 
21 


19 


A 


Introduction 


MTP  (aodulntlon  tnnnfnr  functitm)  is  uMft  1 In  npoclfylng  the  per-  ; 

forMnce  of  CIT'e.  km  omr  aetrlx  dieplaye  are  davelopad  to  replaea  the 

1 

CRT,  thay  will  hawa  to  ba  awaluatad  to  aaa  if  thair  parforwance  la  aa  j 

good  or  battar  than  tha  CRT  thay  raplaca.  If  tha  evaluation  of  thaae 
oaw  dlaplaya  wara  accoapllahad  ualig  a aathod  alaU^r  to  the  ona  uaed  on 
CRT* a*  a eoaparlaon  could  aaally  ba  drawn.  It  way  ba  that  tha  HTF  con- 
capt  can  ba  uaad  on  aatrlai-typa  dlaplaya.  Thla  tepcrt  axaalnaa  theore- 
tically cha  uaa  of  HIT  on  ona  of  thaaa  dlaplaya.  tha  Bughaa  Liquid  Crya- 

i ' 

tal  Katrlz  Dlaplay.  I 

vh«t  la  wrrt 

Xa  uaad  In  CXT'a.  MIF  naaauraa  tha  fraquaney  raaponaa  (raaponae  to  I' 

I ' 

a alnaunva)  of  tha  CRT  ayatan.  from  alactronlc  Input  to  vlaual  output. 

Thla  aaaauraMnt  la  raatrlctad  to  the  X dlractlon  only  (Flgura  1)  an  the 

raaponaa  In  tha  T dlractlon  la  conaldarad  flxad.  To  ataaaure  MTF,  one 

adda  a alnawava  to  tha  vldao  input  (Flgura  2)  and  naaauraa  tha  output 

photonatrlcally  (Flgura  3) . Tha  ratio  c f tha  output  nodulatlon  (photo-  | 

netrlc)  to  Input  nodulatlon  (voltage)  la  fomad.  Modulation  la  daflnad 

aa 

S — 8 1 

nan  nln  8 . i 0»  i 

^^^On  i 

1 

whara  la  tha  yaiua  of  tha  alnuao  d and  8^^^  tha  nlnlmin  ^ 

valua.  A typical  MTF  curva  la  ahown  In  Flgurti  4.  Thla  curve  waa 
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Face  of  CRT 


Photoneter 


Either  the  photoaeter  or  the  CRT  la  moved  In  the  -I-  s direction. 


Figure  3. 

Photometric  1 cesur aments  for  Finding  the  NTF. 
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generated  by  plotting  thi  dimensionless  ratio  described  above  as  a 
function  of  spatial  freq'tency  (cycles  per  Inch,  or  cycles  per  degree, 
or  other  reasonable  units).  Note  that  the  MTF  curve  has  a maximum 
value  of  1 and  monotonlcally  decreases  with  Increasing  spatial  fre- 
quency. 

By  rewriting  the  previous  definition,  modulation  may  be  shown 
to  be  a "normalized"  frequency  response  curve  as  follows: 

MODULATION  - value  _ £e^^xSiH«. 

K/2  Is  the  average  value  of  the  signal.  Thus,  the  modulation  transfer 


function  Is: 


MTF  - 


?eak  vidue  (output) 

k]72 


peak  value  (output) 
peak  value  (Input) 


, peak  value  (Input) 
' “ K2/2 


Is  the  normalizing  constant  and  equals 
K (S  4 S ) 

2 ■ max min  _ (average  value  of  Input  aienal^ 

^ (average  value  of  output  signal)* 

Note  that  the  MTF  of  a (RT  Is  limited  by  the  CRT  drive  electronics  (video 
amplifier)  bandwidth  an<'  the  finite  size  of  the  CRT  spot  which  is  usually 
thought  to  have  a gauss^^an  shaped  point  spread  function. 

MTF  to  Matrix  Displays 


It  appears  as  if  MT  may  be  seasured  on  matrix  displays  in  much  the 


same  way  as  for  a CRT.  That  Is,  a slnewave  input  signal  is  formed  and  the 


output  BMSured  photoMtrlcally.  Sin::*  th«  matrix  dlcpl«y  1*  mad*  up  of 
dlscrat*  alemantSt  howanrar,  th*  maaauraaanta  would  inly  ba  mada  until  th* 
apatlal  fraquaney  wms  aqual  to  1/2  the  maximum  number  of  alamants/dlaplay 
dimension  (horlsontal  or  wartleal).  ?.'ha  above  frequency  limit  tndieatas 
that  maasuremanta  should  ba  mada  In  both  horlsontal  and  vartlcal  dlman- 
slons.  This  depends  on  the  method  of  driving  the  display,  buti  In  genaral, 
It  Is  true. 

In  a matrix  display,  the  Input  Is  sampled  *-.o  give  the  discrete  out- 
put. This  sampling  process  craatas  fraquancas  ihlch  war*  not  prasant  In 
tba  Input  signal.  Thass  frequanclas  are  predictable  for  any  given  sinu- 
soidal fraquancy  Input  and  may  ba  removed  by  low  pass  filtering  the  mea- 
sured display  output.  It  the  matrix  display  Is  used  to  display  a slna- 
%mve  equal  in  frequency  to  one  half  the  number  of  display  elements  (ac- 
tually slightly  lower),  then  an  Ideal  low  pass  filter  would  be  used. 

Apparently,  as  used  for  matrix  displays,  NTF  refers  to  tba  msvlmtmi 
recoverable  slnawave  modulation  aftei  suitable  filtering.  That  Is, 
knowing  the  Input  signal  modulation,  one  may  multiply  by  the  matrix 
display  system  MIF  to  find  the  recovertbls  slneweva  modulation 

that  would  be  avellahle  In  the  maaeured  output  after  filtering. 

In  this  sense,  MTF  Is  useful.  In  fact,  f''-r  dleplays  of  suffi- 
ciently high  density,  the  himnn  visual  system  -.erforms  this  filtering 
operation  and  removes  tba  sldsbands  gsnarated  ’ly  the  sampling  process. 

This  gives  the  display  a continuous  non-matrix  appearance. 


la  may  saaplad  systca,  on*  auat  {;lve  consideration  to  the  Input 
signal  spectrum.  If  :he  Input  signal  Is  not  sufficiently  band-llaltad, 
aliasing  problems  occur  and  must  be  considered. 

Eatlmatlnn  the  KTF  of  tbs  Huahae  Liquid  Crretal  Matrix  PlenlaT 

An  analytical  estimate  of  the  shape  of  the  MIF  curve  for  the 
Hughes'  display  can  be  f 'und  using  a llnaar  aystams  approach.  Figure 
5 shows  the  system.  A hypothetical  1000  X 1000  element  on*  Inch  square 
display  Is  assumed.  To  analyse  the  response  of  the  matrix  display. 
Imagine  a perfect  matrix  where  tha  output  of  any  one  cell  Is  equal 
to  the  sampled  portion  of  the  picture  Input  times  a constant  and  Is 
uniform  across  the  cell,  as  In  Figure  6.  If  we  were  to  scan  across 
this  matrix  photometilcally,  the  output  might  be  as  shown  In  Figure 
7(a).  In  Figure  7(b),  It  Is  shown  how  a signal  of  this  form  might  be 
P.enerated.  Thus,  Figure  7 shows  that  a'slgnal  generated  by  a sample 
and  hold  process  Is  Identical  to  the  measured  matrix  display  output. 

The  response  to  e slnewsv*  of  such  s system  Is  well  known  and  Is  of  a 
form.  Xafsrance  [1]  explains  this  fully.  Realising  that  the 
display  Itself  gives  a elnx/x  or  sample  and  hold  system  response,  an 
estimate  eC  tha  KTF  of  i:ha  system  display.  Including  tha  Initial  sample 
and  hold  electronics  ant',  tha  drain  line  electrical  response,  can  be 
made.  Tmo  display  outputs  will  be  analysed,  one  a vertical  slnewsv* 
pattern,  the  oi:h*r  a horlsontal  slnewave  pattern,  both  of  varying  spa- 
tial frequency.  These  patterns  ere  Illustrated  In  Figure  8. 
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Figure  S.  System  Block  Diagram  of  cht  Hypothetical 
Hughes  Liquid-Crystal  Display 


Figure  6.  Illustration  of  Ideal  Sampling 
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In  the  horlzontel  pattern,  the  video  Input  to  each  drain  lineals  a 

2 

constant.  This  means  the  electrical  response  of  the  sample  and  hold  and 
drain  line  should  be  evaluated  at  Jw  ■ 0.  Therefore,  the  response  of 
the  system  Is  given  by 

|h(0)  . 6(0)  • ’1(p)Ip  - Jl. 

Note  only  the  magnitude  Is  used  for  MTF  analysis;  phase  Is  usually  Ig- 
nored. Since  H(0)  ■ 6(0)  ■ 1,  the  response  of  the  system  Is  |R(p)|  .. 

p " jA, 

(The  frequency  variable  p was  used  to  differentiate  between  the  spatial 
frequency  variable  and  ' lectrlcal  frequency  response  variable.)  This 
response  plotted  In  a nMnallsed  fashion  Is  shown  In  Figure  9. 

To  find  the  frequency  response  of  the  display  In  the  vertical 
direction,  the  Impulse  ..esponse  In  the  vertical  direction  Is  found  and 
the  Laplace  transform  of  this  response  evaluated  for  p ■ jX  the 

slnewave  response. 

The  Impulse  response  of  the  system  of  Figure  5 Is  found  by  applying 
a pulse  of  short  duration  every  1/30  of  a second  and  observing  the  visual 
output.  The  normalised  frequency  response  of  the  output  Is  apprdzlmately 
the  MTF  of  the  system  In  the  vertical  direction.  For  this  procedure  to 
be  valid,  we  must  provide  the  pulse  at  the  sampling  tlms  of  the  Input 
sample  and  hold  circuit.  The  time  chosen  Is  the  time  required  to  excite 
the  500th  element.  Fig  .re  10  shows  the  various  responses  of  the  system 
to  an  Impulse  Input. 

^he  drain  lines  in  the  Hughes'  .iquid  crystal  displays  used  by  the  Air  Force 
are  essentially  distributed  RC  transmission  lines.  These  lines  provide  a path 
for  the  video  signal  to  each  of  the  sample  and  hold  circuits  at  each  elemental 
cell.  It  is  this  stored  voltage  that  controls  the  luminance  of  each  cell. 

2 

•In  the  general  matrix  display  case,  this  may  not  be  true.  Analysis  would  be 
accomplished  by  using  a metho<'  similar  to  the  method  used  here  to  find  the 
frequency  response  In  the  vertical  direction. 
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X ■ inehas,  dagraas,  ate. 

typical  apaelal  fraquancy  ui.lta 


Flgura  9. 

Boriiontal  HTF  oi  a Matrix  Diaplay 


K«aponi«  of  System  to  sn  Impuls*  Input 
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Inspection  of  this  response  revesls  it  any  noro  easily  be  analyzed 
as  a discrete  tlae/ space  systaa.  The  system  is  still  that  of  Figure  5; 
hoeever,  only  the  sanpled  ^ues  of  the  input  aud  output  are  observed. 

A single  sampled  input  shown  in  Figure  10  is  eqtiivalent  to  a Kronecker 
delta  function.  The  sampled  system  response  to  this  delta  function  is 
shown  in  Figure  11  along  with  the  input  to  the  system.  From  these  two 
wavefomSf  the  system  difference  equation  may  be  found.  The  frequency 
response  of  the  system  can  than  be  found  by  z transform  techniques. 

The  sampled  output  is  then  applied  to  the  liquid  crystal  display  cell 
(by  means  of  a holding  capacitor)  ami  the  output  is  now  in  analog  form 
spatially.  The  spatial  response  of  the  cell  is  thu  fsnlllar  res- 
ponse previously  discussed. 

The  difference  equation  which  duscrlbes  the  discrate-tlme/space 
response  is: 

y(k)  - 0.9  x(k)  0.09  x(fc-l). 

Taking  the  s transform  of  both  sidas  yields: 

y(z)  • 0.9  x(s)  + 0.09  s“^  x(s). 

The  system  trsnsfar  function  is  then  y(B)/x(B).  Therefore, 

^ - H<.)  - 0.9  + 0.09.-‘  - ^ 

The  pol^sero  plot  in  the  s domain  is  given  in  Figure  12.  From  this 
pole-sero  plot,  the  frequency  response  magnitude  can  be  obtained  by 
ratlolng  the  vector  length  of  the  sero  to  the  "opsratlng  point"  on  the 
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Input 


input  at  time  to  excite  500th  element 


Output 


0.0^ 


output  is  at  the  500th  and  501st  cell 


Figure  11.  Single  Sampled  Value  Input  and 
the  Resulting  Output 


unit  circle  corresponClng  to  the  operating  frequency  over  the  vector 
length  of  the  pole  to  the  same  point.  If  the  opereting  frequency  Is 
chosen  such  that  these  points  are  on  the  unit  circle,  the  above  ra- 
tio represents  the  steady-state  sinusoidal  response  of  the  system 
for  the  chosen  frequency.  A table  of  the  pertinent  values  from 
Figure  12  Is  shown  In  Table  1.  A plot  of  the  estimated  frequency 
responae  Is  given  In  Figure  13.  finally,  the  overall  sinusoidal 
response  In  the  vertical  dimension  Is  also  given  In  Figure  13  end  Is 
the  product  of  the  discrete  system  response  multiplied  by  the  -SlSJL 
response  of  the  cell. 

Since  the  exact  normalizing  conftant  Is  not  known,  the  HTF  res- 
ponse at  X ■ 0 Is  un':ertaln,  but  Is  approximately  1.  Figure  14  gives 
a more  accurate  plot  of  the  estimated  horizontal  and  vertlesd  MTF 
respectively. 

Conclusion 

It  seems  that  MTF  s a valid  performance  measurement  for  matrix  dis- 
plays. For  the  hypothetical  Hughes'  liquid  crystal  display,  the  res- 
ponse was  shown  to  be  different  In  the  horizontal  and  vertical  direc- 
tion, thus  requiring  twj  measurements.  The  response  has  been  shown  for 
a hypothetical  1000  X 1000  element  display  by  using  a linear  systems 
approach. 

This  procedure  was  based  on  the  assumption  that  tha  Individual  cell 
response  was  uniform  across  the  display,  and  that  tha  call  reaponsa  did 
not  overlap  any  adjscent  cells.  In  the  laboratory,  this  has  been  shown 
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Table  1 


Pertinent  Values  Taken  from  Pole-Zero  Plot  of 

0.9  (Z  -f  0.1) 

Z 


op  - 1 


op 

- 1 /O.OOIX  - * 

V oji 

P 

Ratio 

Ratio  X 0.9* 

1^ 

1.1 

1.0 

1.1 

0.99 

1 hn 

1.005 

1.0 

1.005 

0.90 

1 /r 

0.9 

1.0 

0.9 

0.81 

* from  trensfer 

function. 

NOTE:  The  notation  op 

and  V op 

z 

represents 

the  magnitude  of 

the  vector  length  from  the  phle  to  the  operating  point  and  the 
sero  to  the  operetlng  point  respectively. 
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figure  13.  System  Response 

(«)  Response  of  Discrete  System. 

(b)  Reftponse  of  Kntrlx  (slnx/x). 

(c)  Product  of  (a/  & (b). 


lapllcatlons  of  tb«  shapo  of  tba  MT?  curves  in  teras  of  MTF  arcs  analysis. 
The  effects  of  sideband  generation  should  also  be  considered,  especially 
If  the  aatris  display  Is  not  sufficiently  dense  to  piece  these  fre- 
quencies outside  or  In  a low  response  region  of  the  human  visual  system 
MIP. 
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